LaGrange, Lila P., Glenn M. Toney, and Vernon S. Bishop. Chronic angiotensin II infusion attenuates the renal sympathoinhibitory response to acute volume expansion. Am J Physiol Regul Integr Comp Physiol 284: R1098-R1107, 2003 10.1152/ajpregu.00165.2002In this study the hypothesis was tested that chronic infusion of ANG II attenuates acute volume expansion (VE)-induced inhibition of renal sympathetic nerve activity (SNA). Rats received intravenous infusion of either vehicle or ANG II (12 ng ⅐ kg Ϫ1 ⅐ min Ϫ1 ) for 7 days. ANG II-infused animals displayed an increased contribution of SNA to the maintenance of mean arterial pressure (MAP) as indicated by ganglionic blockade, which produced a significantly (P Ͻ 0.01) greater decrease in MAP (75 Ϯ 3 mmHg) than was observed in vehicle-infused (47 Ϯ 8 mmHg) controls. Rats were then anesthetized, and changes in MAP, mean right atrial pressure (MRAP), heart rate (HR), and renal SNA were recorded in response to right atrial infusion of isotonic saline (20% estimated blood volume in 5 min). Baseline MAP, HR, and hematocrit were not different between groups. Likewise, MAP was unchanged by acute VE in vehicle-infused animals, whereas VE induced a significant bradycardia (P Ͻ 0.05) and increase in MRAP (P Ͻ 0.05). MAP, MRAP, and HR responses to VE were not statistically different between animals infused with vehicle vs. ANG II. In contrast, VE significantly (P Ͻ 0.001) reduced renal SNA by 33.5 Ϯ 8% in vehicle-infused animals but was without effect on renal SNA in those infused chronically with ANG II. Acutely administered losartan (3 mg/kg iv) restored VEinduced inhibition of renal SNA (P Ͻ 0.001) in rats chronically infused with ANG II. In contrast, this treatment had no effect in the vehicle-infused group. Therefore, it appears that chronic infusion of ANG II can attenuate VE-induced renal sympathoinhibition through a mechanism requiring AT1 receptor activation. The attenuated sympathoinhibitory response to VE in ANG II-infused animals remained after arterial barodenervation and systemic vasopressin V1 receptor antagonism and appeared to depend on ANG II being chronically increased because ANG II given acutely had no effect on VE-induced renal sympathoinhibition. (4, 6). The latter effect may permit SNA to rise relative to the prevailing level of arterial pressure. In addition to the arterial baroreflex, the cardiopulmonary baroreflex is also an important determinant of sympathetic outflow as well as sodium and water balance. However, the extent to which chronic increases of ANG II might interact with this reflex to modify the SNA response to volume expansion (VE) is not known. This is surprising given that normal VE-induced inhibition of renal SNA is attenuated in animals with established congestive heart failure (CHF) (5, 11, 12) , which is subsequently improved after AT 1 receptor blockade (12). These results indicate that ANG II may alter the cardiopulmonary-renal reflex (12, 42), potentially contributing to the sympathoexcitation in disease states such as CHF in which extracellular fluid (ECF) volume becomes progressively increased in the presence of elevated circulating ANG II.
NUMEROUS STUDIES HAVE INVESTIGATED interactions between circulating ANG II and the arterial baroreceptor reflex. Whereas recent studies indicate that an acute increase in circulating ANG II can attenuate the increase in sympathetic nerve activity (SNA) that follows arterial baroreceptor unloading (34) , chronic increases of ANG II have been repeatedly demonstrated to reset arterial baroreflex control of SNA (4, 6) . The latter effect may permit SNA to rise relative to the prevailing level of arterial pressure. In addition to the arterial baroreflex, the cardiopulmonary baroreflex is also an important determinant of sympathetic outflow as well as sodium and water balance. However, the extent to which chronic increases of ANG II might interact with this reflex to modify the SNA response to volume expansion (VE) is not known. This is surprising given that normal VE-induced inhibition of renal SNA is attenuated in animals with established congestive heart failure (CHF) (5, 11, 12) , which is subsequently improved after AT 1 receptor blockade (12) . These results indicate that ANG II may alter the cardiopulmonary-renal reflex (12, 42) , potentially contributing to the sympathoexcitation in disease states such as CHF in which extracellular fluid (ECF) volume becomes progressively increased in the presence of elevated circulating ANG II.
In this study, to characterize the extent to which ANG II can influence the cardiopulmonary-renal reflex, experiments were performed to test the hypothesis that inhibition of renal SNA by acute VE is attenuated when circulating ANG II is chronically infused. The role of AT 1 receptors in mediating this effect was tested by giving losartan acutely, just before VE. To avoid potential interactions between the cardiopulmonary and arterial baroreflexes, experiments were also performed on rats subjected to sinoaortic denervation (SAD).
METHODS
Experiments were performed in male Sprague-Dawley rats (250-350 g). Animals were housed in a temperatureand humidity-controlled room, maintained on a 14:10-h light-dark cycle, and allowed free access to rat chow and water. All procedures were approved by the Institutional Animal Care and Use Committee and were carried out in accordance with guidelines and principles set forth by the National Institutes of Health and the American Physiological Society (2) .
VE Protocol
In each of the following experiments, mean arterial pressure (MAP), heart rate (HR), mean right atrial pressure (MRAP), and renal SNA responses to acute VE were determined. VE was performed by infusing isotonic saline into the right atriocaval junction at a rate of 20% of the estimated blood volume in a period of 5 min. Blood volume was estimated to be equivalent to 7% of body weight (vol/wt) (21) .
Chronic Infusion of ANG II
Eleven days before experimentation, rats were anesthetized with pentobarbital sodium (40 mg/kg ip). Through an abdominal incision, telemetry probes were placed in the abdominal aorta to continuously record blood pressure before and during chronic infusions. In addition, a catheter was placed in the abdominal vena cava for intravenous infusions. Its distal end was exteriorized between the scapulae, passed through a stainless steel spring, and connected to a syringe pump using a hydraulic swivel to allow the animals to move freely throughout the study. A solution containing 5% dextrose and ampicillin (270 g/24 h) was infused continuously (24 h/day) throughout the study at a rate of 5.7 ml/24 h. After 5 days, ANG II (12 ng ⅐ kg Ϫ1 ⅐ min Ϫ1 , Sigma) was added to the infusion solution, and fresh ANG II was added to the infusate daily. A control group received vehicle solution throughout the infusion protocol.
In a separate group of conscious animals, the contribution of parasympathetic nerve activity to the control of HR was determined both 3 days before and at completion of the 7-day ANG II (n ϭ 4) or vehicle (n ϭ 4) infusion protocol by blocking muscarinic ACh receptors with atropine methylbromide (2 mg/kg iv). After muscarinic receptor blockade, the contribution of SNA to the maintenance of blood pressure was determined by measuring the fall in MAP produced by interrupting ganglionic transmission with the nicotinic ACh receptor antagonist chlorisondamine (2.5 mg/kg iv). The completeness of ganglionic blockade was verified by the absence of an HR response to baroreceptor unloading with nitroprusside (1 g/kg iv). Animals that received atropine and chlorisdondamine were not used in any other protocols.
To assess the effect of chronically infused ANG II on plasma volume, blood was collected from the femoral vein in anesthetized animals, and hematocrit was determined in a subset of animals (n ϭ 6) before acute VE. On completion of these procedures, effects of chronic infusion of ANG II (7 days) on MAP, HR, MRAP, and renal SNA responses to acute VE were examined. To control for potential effects associated with chronic surgical instrumentation, acute VE was also performed in untreated rats, which were not subjected to prior interventions.
Experimental Procedures
After 7 days of continuous ANG II (or vehicle) infusion, and without interrupting infusion, rats were anesthetized with a mixture (200 l) of ␣-chloralose (70 mg/kg ip) and urethane (70 mg/kg ip). Catheters (PE-50) were then inserted in the right femoral vein and artery to infuse drugs and to measure arterial pressure, respectively. Two additional catheters were inserted into the right atrium via the right jugular vein: one for infusion of isotonic saline and the other for continuous measurement of MRAP. After tracheal cannulation, rats were ventilated with oxygen-enriched room air. End-tidal PCO 2 was maintained within normal limits (35) (36) (37) (38) (39) (40) by adjusting ventilation rate (80-100 breaths/min) and/or tidal volume (2.0-3.0 ml). Body temperature was maintained at 37 Ϯ 1°C by using a ventrally placed water-circulating pad. The depth of anesthesia was monitored by the stability of MAP and by the lack of a withdrawal response to noxious mechanical stimulation of a hindpaw. When necessary, a supplemental dose of anesthetic (10% initial dose, 100 l ip) was administered and at least 20 min was allowed for recorded variables to stabilize.
Through a left flank incision, a renal sympathetic nerve bundle was isolated from surrounding tissue and mounted on a bipolar stainless steel wire electrode (A-M systems, 0.127 mm OD). The electrode and nerve were insulated and secured in place with a silicon impression material (Coltene, light body, Switzerland). Nerve signals were obtained using a high-impedance probe connected to an AC amplifier (P5 series, Grass Instruments). Signals were amplified (ϫ10,000-20,000), filtered (0.1-1.0 kHz), rectified, and integrated (200-ms time constant). At the end of each experiment, an overdose of anesthetic was given and the contribution of noise to the integrated voltage was determined 30 min after death. The noise level was subtracted from all recorded renal SNA values.
Forty-five minutes after surgical instrumentation, monitoring of MAP, HR, MRAP, and renal SNA began. After a 5-min control period, the VE protocol was initiated (see above) and recordings were continued at least 5 min after the infusion was complete.
Determining Effects of AT 1 Receptor Blockade
In separate groups of animals infused chronically with either ANG II (n ϭ 6) or vehicle (n ϭ 6), losartan (3 mg/kg) was administered intravenously 30 min before initiation of acute VE. Due to the depressor response that ensued, two additional groups were studied. One group (n ϭ 6) chronically infused with ANG II received losartan, and MAP was restored to the level recorded just before losartan administration by infusing the ␣-adrenoceptor agonist phenylephrine (PE) (1-3 g/min iv). The other group (n ϭ 6) was chronically infused with vehicle, received losartan, and again MAP was restored with PE. In all animals, normalization of MAP was maintained for at least 10 min before initiation of VE and continued throughout the infusion protocol. The effectiveness of AT 1 receptor blockade was confirmed in these experiments by comparing blood pressure responses to ANG II (8 ng iv) recorded before and 45 min after losartan administration.
Determining Effects of Acute ANG II Treatment
To determine if effects of chronically administered ANG II on VE-induced responses could be elicited acutely, the ANG II infusion was begun 20 min before initiating the VE protocol. Two groups of animals were used: one received ANG II at the same rate as used chronically (12 ng ⅐ kg Ϫ1 ⅐ min Ϫ1 , n ϭ 6), and the other received ANG II at the rate (12 ng/min, n ϭ 3) used by Veelken et al. (42) . The latter dose was shown to attenuate VE-induced renal sympathoinhibition (42) . Experiments were carried out in animals chronically infused with vehicle only. Control experiments were performed by infusing saline alone for 20 min in place of ANG II.
Determining Effects of Sinoaortic Baroreceptor Afferent Denervation
Two weeks before instrumentation, SAD was performed in a group of 8 rats. The procedure was performed according to standard methods (20) . The superior laryngeal and aortic nerves were transected, and the cervical sympathetic ganglia were removed. Each carotid bifurcation was stripped of con-nective tissue, and a 10% phenol in ethanol solution was painted on each bifurcation to destroy any remaining nerve tissue. As with baroreceptor afferent-intact animals, blood pressure telemetry probes and abdominal vena cava catheters were implanted after 2 wk of recovery from SAD surgery. Telemeters allowed the completeness of each SAD to be determined before the start of the chronic infusion protocol. SAD was verified in conscious rats by the absence of an HR change during a 25-mmHg increase in MAP induced by PE (5-10 g/kg iv). SAD rats were separated into two groups that received either chronically administered vehicle or ANG II. After chronic infusion, rats were subjected to acute VE as outlined above.
Determining Effects of Vasopressin Receptor Blockade
To determine the role of vasopressin in the ANG II-induced attenuation of VE responses, an arginine vasopressin (AVP) V 1 receptor antagonist (Manning compound, 50 g) was administered intravenously 30 min before initiation of the VE protocol. On completion of VE, V1 receptor blockade was confirmed by the lack of a pressor response to AVP (50 ng iv).
Analysis
Average values of baseline MAP, HR, and renal SNA were measured over a 60-s period immediately before acute VE. Responses to VE were measured each minute during volume infusion by taking the average of a 20-s period and included the period of maximum renal SNA inhibition. When plasma VE was continued for up to 20 min, no further decreases in renal SNA were observed past 5 min; therefore, data in this study are shown over a 5-min period. Baseline renal SNA values were taken as 100%, and values recorded 30 min after euthanasia are considered to represent background noise (0% nerve activity), which was subtracted from all renal SNA values. The effect of VE on renal SNA is expressed as a percent change from baseline.
The unpaired Student's t-test was used to compare hematocrit, HR responses to PE in SAD rats, and MAP responses to ganglionic blockade. Two-way ANOVA with repeated measures was used to determine effects of VE in all groups. When a significant interaction was obtained, Tukey's post hoc test was applied to assess pairwise differences. Statistical significance is defined as P Ͻ 0.05. All values in the text and figures are expressed as means Ϯ SE.
RESULTS

Effects of Chronic ANG II Infusion
Ganglionic blockade. HR responses to atropine and chlorisondamine did not differ between groups both before and after chronic infusion of either ANG II or vehicle (Fig. 1A) . Similarly, MAP responses to atropine were not different before or after chronic ANG II or vehicle infusion (Fig. 1B) . In contrast, ganglionic blockade with chlorisondamine produced a significantly greater decrease (P Ͻ 0.01) in MAP in ANG II-infused (116 Ϯ 2 to 40 Ϯ 2 mmHg; ⌬ ϭ 75 Ϯ 3 mmHg, n ϭ 4) compared with vehicle-infused (85 Ϯ 5 to 36 Ϯ 6 mmHg; ⌬ ϭ 47 Ϯ 8 mmHg, n ϭ 4) animals (Fig. 1B) . These data indicate that the contribution of SNA in maintaining arterial pressure was significantly increased in animals chronically infused with ANG II. Differences in the magnitude of the depressor response did not appear to involve differences in HR control because tachycardic responses to atropine were not different between ANG II-infused (80 Ϯ 16 beats/min, n ϭ 4) and vehicle-infused (86 Ϯ 16 beats/min, n ϭ 4) animals (Fig. 1A) . These data suggest that, in this model, chronic ANG II treatment significantly increases ongoing SNA.
Hematocrit. Baseline hematocrit in vehicle-infused (43.8 Ϯ 2%) and ANG II-infused (45.4 Ϯ 0.9%) animals was not significantly different ( Table 1 ), suggesting that ECF volume was not significantly different between groups.
Effect of Chronically Infused ANG II
VE significantly reduced renal SNA in vehicle-infused rats (66.5 Ϯ 8%, n ϭ 6, P Ͻ 0.001) but had no effect in rats chronically infused with ANG II (97.5 Ϯ 2%, n ϭ 6) (Fig. 2) . The difference between these two responses did not appear to depend on the level of resting MAP or HR because baseline values in both groups were not different (Table 1) . Similarly, MAP and HR responses to acute VE did not differ between groups (Fig. 2, Table 1 ). Although baseline MRAP was greater in ANG II-infused (Ϫ0.13 Ϯ 0.17 mmHg, P Ͻ 0.05) vs. vehicle-infused animals (Ϫ0.9 Ϯ 0.27 mmHg), the change in MRAP in response to VE was not different (Table 1) . Overall, these data indicate that chronic ANG II treatment results in an attenuated renal SNA response to acute VE.
Effect of Acutely Administered Losartan
To determine the role of ongoing AT 1 receptor activation in the attenuated VE-induced renal SNA response after chronic ANG II treatment, the AT 1 selective antagonist losartan was given 20 min before initiation of VE in a separate group of animals receiving either chronic vehicle (n ϭ 12) or ANG II (n ϭ 12) infusion. In both vehicle-and ANG II-infused animals, losartan produced similar changes in MAP (101.8 Ϯ 4 to 77.8 Ϯ 3.6 and 95 Ϯ 4 to 77.6 Ϯ 3 mmHg, respectively), HR (343 Ϯ 10 to 347 Ϯ 11 and 375 Ϯ 16 to 372 Ϯ 16 beats/min, respectively), and MRAP (Ϫ0.91 Ϯ 0.21 to Ϫ1.25 Ϯ 0.25 and Ϫ0.6 Ϯ 0.37 to Ϫ0.97 Ϯ 0.4 mmHg, respectively). To eliminate the possibility that the starting level of MAP plays a significant role in the renal SNA response to acute VE in the presence of losartan, PE was used to restore MAP to the prelosartan level at least 10 min before and throughout acute VE in 6 animals from each group of 12 described above. The remaining six animals from each group were subjected to acute VE without prior normalization of MAP. Because normalization of MAP in six animals from each group did not significantly alter the MAP, HR, MRAP, and renal SNA responses to acute VE compared with animals in which the depressor responses to losartan were not normalized, data were combined for statistical analysis and are presented in the subsequent paragraph and graphically (Fig. 3 , Table 2) as two groups: vehicle-infused ϩ losartan (n ϭ 12) and ANG II-infused ϩ losartan (n ϭ 12).
Results indicate that AT 1 receptor blockade effectively restored the inhibitory renal SNA response to VE (79.2 Ϯ 2%, n ϭ 12, P Ͻ 0.001) (Fig. 3, Table 2 ). In contrast, losartan had no effect on VE-induced sympathoinhibition in vehicle-infused animals (74.4 Ϯ 3%, n ϭ 12) (Fig. 3, Table 2 ). Baseline MAP, HR, and MRAP values in both groups were not different (Table  2) . Similarly, MAP, HR, and MRAP responses to acute VE did not differ between groups (Fig. 3, Table 2 ). Overall, losartan pretreatment restored VE-induced inhibition of renal SNA in rats chronically treated with ANG II but remained ineffective in altering the response in vehicle-infused controls. These data suggest that acute interruption of AT 1 receptor activation is sufficient to prevent the attenuated renal SNA response to VE in animals chronically infused with ANG II. Fig. 2 . ⌬MAP, ⌬HR, change in mean right atrial pressure (⌬MRAP), and renal sympathetic nerve activity (RSNA) (% of baseline) in response to acute volume expansion (20% estimated blood volume in 5 min). Chronic vehicle infusion, n ϭ 6; chronic ANG II infusion, n ϭ 6. * Significant difference (P Ͻ 0.05) from baseline; † P Ͻ 0.05, ANG II infused vs. vehicle infused. All data are changes from baseline values. Values are means Ϯ SE; n ϭ 6 in all groups. MAP, mean arterial pressure; HR, heart rate; MRAP; mean right atrial pressure; ⌬MRAP, change in MRAP; RSNA, renal sympathetic nerve activity. * P Ͻ 0.05 vs. baseline; † P Ͻ 0.05 vs. vehicle-infused baseline; † P Ͻ 0.001 vs. 20% volume expansion (VE) in vehicle-infused rats.
Effect of Acutely Administered ANG II
In these experiments ANG II was acutely infused at either the same rate as used chronically (12 ng ⅐ kg Ϫ1 ⅐ min Ϫ1 , n ϭ 6) or at the rate used by Veelken et al. (42) (12 ng/min, n ϭ 3) . Renal sympathoinhibition to VE in these two groups [55 Ϯ 5% (Fig. 4) and 59.3 Ϯ 7%, respectively] was not different from that observed in untreated rats (64.6 Ϯ 5.4%, n ϭ 7) (Fig. 4, Table 3 ). Likewise, the renal SNA response to VE in animals infused acutely with ANG II did not differ from that observed in animals infused either acutely (64.2 Ϯ 6%, Fig. 4 , n ϭ 5) or chronically (66.5 Ϯ 8%, Fig. 2 , n ϭ 6) with vehicle alone. However, the VE-induced renal SNA decrease observed during acute ANG II was significantly (P Ͻ 0.001) greater than that observed when Fig. 3 . Effect of acutely administered losartan (3 mg/kg iv) on ⌬MAP, ⌬HR, ⌬MRAP, and RSNA responses to acute volume expansion (20% estimated blood volume in 5 min). Chronic vehicle infusion, n ϭ 6; losartan ϩ chronic vehicle infusion, n ϭ 12; chronic ANG II infusion, n ϭ 6; losartan ϩ chronic ANG II infusion, n ϭ 12. * Significant difference (P Ͻ 0.05) from baseline; † significant difference (P Ͻ 0.05) compared with both losartan-treated groups. Data indicate changes from baseline values. Values are means Ϯ SE; n ϭ 12 in both groups. * P Ͻ 0.05 vs. baseline. Fig. 4 . ⌬MAP, ⌬HR, and RSNA in response to acute volume expansion (20% estimated blood volume in 5 min) during acute infusion of ANG II (12 ng ⅐ kg Ϫ1 ⅐ min
Ϫ1
). Untreated rats, n ϭ 7; acute vehicle infusion, n ϭ 5; acute ANG II infusion, n ϭ 6; chronic ANG II infusion, n ϭ 6. * Significant difference (P Ͻ 0.05) from baseline; † significant difference (P Ͻ 0.05) from untreated rats and those acutely treated with ANG II. Data indicate changes from baseline values.
ANG II was infused chronically (97.5 Ϯ 2%, n ϭ 6). Baseline MAP and HR values were not different between groups (Table 3) , and MAP and HR responses to acute VE did not differ between groups (Fig. 4) . These results indicate that ANG II-induced attenuation of the renal SNA response to VE requires chronic but not acute ANG II treatment.
Effect of SAD and AVP V 1 Receptor Antagonism
SAD did not significantly alter the ability of chronically administered ANG II to attenuate the renal sympathoinhibitory response to VE (96.8 Ϯ 3%, n ϭ 4). Likewise, SAD had no effect on VE-induced renal sympathoinhibition in vehicle-infused rats (77.5 Ϯ 4%, n ϭ 4) (Fig. 5, Table 4 ). Removal of arterial baroafferents appeared complete because increases in MAP (25 mmHg) produced by PE elicited no significant change in HR (Ϫ7.3 Ϯ 3 beats/min). Baseline MAP, HR, and MRAP values did not differ between groups (Table 4) , and MAP, HR, and MRAP responses to acute VE were not different between groups (Fig. 5) . These results suggest that ANG II-induced attenuation is not dependent on intact arterial baroreceptor afferents.
Additionally, the renal SNA response to acute VE was not affected by AVP V 1 receptor antagonism in animals chronically infused with either vehicle or ANG II (61.8 Ϯ 3%, n ϭ 4 and 91.5 Ϯ 3%, n ϭ 6, respectively) ( Fig. 6) , suggesting that the effect of chronically infused ANG II to attenuate VE-induced renal sympathoinhibition is not due to an AVP V 1 receptor-mediated mechanism. Baseline MAP, HR, and MRAP values were not different between groups (Table 5) . Similarly, MAP, HR, and MRAP responses to acute VE in both groups were similar (Fig. 6) .
DISCUSSION
The present study was designed to assess the effect of elevated circulating ANG II on the inhibition of renal SNA by acute VE. Our data provide evidence that the renal sympathoinhibitory response to VE is effectively abolished by chronically, but not acutely, infused ANG II. VE-induced inhibition of renal SNA was effectively restored by acute administration of losartan, indicating involvement of an AT 1 receptor mechanism.
The potential for antinatriuretic and antidiuretic actions of ANG II to increase ECF volume was an initial concern as this could potentially lead to chronic atrial distension. Such an effect, if present, could alter ) infusion group, n ϭ 5 in acute vehicle infusion group, and n ϭ 7 in untreated group. * P Ͻ 0.05 vs. baseline. the sensitivity of cardiopulmonary receptors to acute VE and contribute to the attenuated sympathoinhibitory response observed. Based on our data showing that hematocrit was not different, it seems unlikely that an increase in ECF volume occurred in our model. This result appears consistent with those of other studies showing no change in sodium and water balance or ECF volume in animals chronically infused with ANG II (7, 18) . Overall, the conclusion that chronic ANG II infusion did not significantly affect ongoing atrial compliance is supported by evidence that MRAP responses during VE did not differ between animals that received chronic ANG II compared with those infused with vehicle alone. We are aware of only one previous study in which effects of exogenously administered ANG II on the renal SNA response to acute VE were determined. Veelken et al. (42) reported that acutely administered ANG II blunted, but did not abolish, the renal sympathoinhibitory response to VE (42) . Our data, however, do not confirm this finding. Although the dose of ANG II used was the same in both studies, we observed a slight pressor (ϩ10 mmHg) effect, whereas the same dose was reported to be "subpressor" in their study. What seems clear is that the pressor effect we observed does not appear to account for the discrepancy between the two studies. This is indicated by the fact that MAP just before initiation of the VE protocol was not significantly different among animals infused with ANG II (acutely or chronically) and those chronically infused with vehicle. Although a discrepancy does exist concerning the effects of acutely administered ANG II on the sympathoinhibitory response to VE, it seems that additional studies will be necessary to explain these differences.
ANG II is known to stimulate the synthesis of AVP and its release from the posterior pituitary (35) . To eliminate any potential contribution of AVP to the attenuated renal SNA response to VE we observed in ANG II-infused animals, we blocked AVP V 1 receptors. Acute V 1 receptor blockade did not alter the renal sympathoinhibitory effect of VE in either vehicle-or ANG II-infused rats. This finding is perhaps not unexpected because Cowley et al. (9) reported that effects of ANG II on AVP release appear to be transient.
Studies demonstrate that mitogenic effects of longterm infusions of ANG II can cause significant tissue hypertrophy and hyperplasia (17) . Such processes could ultimately influence mechanical coupling of cardiopulmonary stretch receptors to their tissues. As a result, atrial stretch and cardiopulmonary receptor afferent activity could potentially be reduced. Overall, such an effect may be expected to contribute to the attenuated renal sympathoinhibitory response to VE observed in the present study. However, this seems unlikely because acutely administered losartan rapidly restored the sympathetic nerve response to VE. Values are means Ϯ SE; n ϭ 4 in both groups. SAD, sinoaortic denervation. * P Ͻ 0.05 vs. baseline.
In this study, the ability of chronic infusion of ANG II to attenuate the renal SNA response to VE does not appear to depend on the resting level of arterial pressure because baseline values did not differ between ANG II-and vehicle-infused groups. Additionally, results from this study demonstrate that the effect of peripherally administered losartan to effectively restore the renal SNA response to VE in rats chronically infused with ANG II is not dependent on the starting level of MAP because the depressor response to losartan was similar in both groups. Furthermore, the losartan treatment restored VE-induced sympathoinhibition in animals where MAP was either normalized with PE or not.
It is well documented that arterial baroreceptors are not required for the decrease in renal SNA elicited by acute VE (8, 33) . Our study confirms this finding because SAD did not alter the sympathoinhibitory response to acute VE. Unlike numerous studies indicating that chronically infused ANG II can alter arterial baroreflex function (4, 6) , the effect of chronic infusion of ANG II on the cardiopulmonary reflex has not been previously studied. The present findings demonstrate that during chronic infusion of ANG II, the VE-induced decrease in renal SNA is abolished even after baroreceptor afferent denervation, suggesting that ANG IIinduced attenuation is not dependent on ongoing baroreceptor afferent input.
There is abundant evidence that ANG II can elicit a centrally mediated pressor response that depends largely on activation of sympathetic outflow (38) . Results from this and previous studies from our laboratory (10) support this conclusion because the depressor response to ganglionic blockade was significantly greater in rats chronically infused with ANG II compared with those infused with vehicle only. These results suggest that sympathetic activity was increased and illustrate the potential for ANG II to influence autonomic control systems through its interactions in the central nervous system (CNS) (10, 32) .
Although additional studies are required to specifically define the CNS circuitry involved in our observed attenuated VE-induced renal SNA responses in the presence of chronic increases of ANG II, several studies demonstrate that the paraventricular nucleus of the hypothalamus (PVN) is one particular site in the CNS that is important for receiving and processing ANG II-sensitive inputs from forebrain circumventricular organs (CVOs) (3, 14, 22, 40) . Neurons in the CVOs, notably the subfornical organ (SFO) and the organum vasculosum of the lamina terminalis (OVLT), not only sense circulating peptides like ANG II (3, 14) but also send ANG II-immunoreactive efferent projections to the PVN where neurons express a high concentration of ANG II AT 1 receptors (23, 29) . Electrophysiological studies demonstrate that ANG II can increase PVN unit discharge when applied either directly within the SFO or when given systemically (1, 15) . Together, available evidence indicates that ANG II is a likely neurotransmitter released from SFO terminals within the PVN (22, 41) . Furthermore, parvocellular neurons of the PVN project to regions of the CNS that control sympathetic outflow (36) , including the rostral ventrolateral medulla, the dorsomedial medulla, and the spinal intermediolateral cell column (26, 36, 39) . Numerous studies support the concept that neuronal projections from autonomic neurons in the PVN can modulate the activity of sympathetic nerves (27, 28) . Such data demonstrate that the PVN is an important central site where information concerning the level of blood-borne ANG II is processed and may play a significant role in mediating the attenuated renal SNA response to acute VE when circulating ANG II is chronically infused.
Recent studies have shown that the PVN is not only important for processing ANG II-sensitive inputs but also for producing the renal SNA response to volume expansion (19, 24, 25) . Normally, expansion of plasma volume activates cardiopulmonary receptors that produce profound reflex inhibition of SNA (33) . However, selective destruction of the parvocellular PVN neurons significantly attenuates the renal sympathoinhibitory response to VE (19, 25) , suggesting that the PVN is a site necessary for the normal integration of blood volume information. Overall, evidence indicates that ANG II-induced sympathoexcitation as well as VE-induced sympathoinhibition depend on autonomic neurons in the PVN that influence brain stem and spinal cord regions controlling sympathetic outflow.
It is perhaps not surprising that acute and chronic ANG II treatment produces distinct effects on VEinduced renal SNA responses, given that differential effects of acute vs. chronic ANG II treatment have also been demonstrated in studies of arterial baroreflex control of SNA (4, 6, 30) . These findings are consistent with increasing evidence that distinct intracellullar signaling pathways can be activated downstream from the AT 1 receptor by acute vs. chronic stimulation. For example, acute effects include membrane depolarization mediated through protein kinase C-dependent inhibition of K ϩ and activation of Ca 2ϩ currents (37) . On the other hand, chronic ANG II treatment can stimulate slower neuromodulatory pathways (Ras/Raf/MAP kinase and Jak/STAT) that increase synthesis and expression of proteins involved in vesicular trafficking and exocytosis (16) . Thus time-dependent effects of ANG II on physiological responses such as those re- Values are means Ϯ SE; n ϭ 6 in both groups. AVP, arginine vasopressin. * P Ͻ 0.05 vs. baseline; † P Ͻ0.001 vs. 20% VE in vehicle-infused rats.
ported here may well depend on specific cellular processes that remain to be fully elucidated.
In conclusion, the present study demonstrates that elevated circulating ANG II attenuates the renal sympathoinhibitory response to acute VE. Observed responses appear to require chronic ANG II treatment and AT 1 receptor activation. Further experiments are necessary to define the potential role of central vs. peripheral AT 1 receptors in mediating this response.
Perspectives
An increase in sodium and water intake is associated with expansion of ECF volume. Through activation of the cardiopulmonary reflex, such an increase in ECF volume normally results in an increase in sodium and water excretion that is mediated by neural and humoral effectors. Ultimately, through this feedback system, ECF volume is restored toward normal. However, this is not the case in certain disease states such as CHF (12) and diabetes (31) , in which data suggest that the cardiopulmonary baroreflex is blunted. Evidence indicates that, at least in part, ANG II AT 1 receptors play a role in mediating the depressed renal SNA response to volume expansion in CHF rats (12) , leading to the suggestion that ANG II, which is elevated during CHF, might contribute to the attenuated renal SNA response to VE in CHF rats.
ANG II is known to influence the arterial baroreceptor reflex by resetting control of SNA and permitting sympathetic activity to rise relative to the prevailing level of arterial pressure. Numerous studies have focused on this effect and its potential contribution to arterial hypertension. Although it has been shown that the renal SNA response to acute VE is augmented in rats receiving a low-sodium vs. high-sodium diet (13), the volume state of these animals introduces another component that warrants further study. To date, little is known concerning the influence of circulating ANG II on other visceral afferent reflexes, in particular the cardiopulmonary reflex in animal models that display either normal or elevated ECF volume. Our results provide evidence that the neural component of the cardiopulmonary reflex is altered in the presence of chronic increases of ANG II and further provides a potential integral mechanism by which ANG II contributes to sympathoexcitation in disease states such as nephrotic syndrome, some forms of arterial hypertension, and CHF in which ECF volume becomes progressively increased in the presence of elevated circulating ANG II.
